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AB The claimed invention provides a fusion polypeptide comprising a 
fibrous protein domain and a mineralization domain, and the 
resulting fusion protein used to form an organic- inorg . composite. 
Thus, the R5 peptide (SSKKSGSYSGSKGSKRRIL) of silaffin-1 from 
Cylindrotheca fusiformis is genetically fused to a 15-mer of the consensus 
repeat unit (SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT with CRGD linker) of 
spidroin 1 from the golden orb spider Nephila clavipes. The purpose of 
fusing this silicif ication-inducing peptide unit to genetically engineered 
silk is to combine the properties of the silk whether in the form of films 
or other such spun fibers to the silica-precipitating properties of R5 
under ambient conditions to produce biomaterials with controlled 
silica morphologies on the surface. Silicif ication reactions 
using tetraethoxysilane on synthetic spider silk protein films 
yielded spherical silica structures with diams . ranging from 
. apprx. 0 . 5-2 . 0 ^im only when the silica precipitating domain, R5 
peptide, was fused to the C-terminus of the silk proteins. 
These organic -inorg. composites can be constructed from the riano- to the 
macro-scale depending on the size of the fibrous protein fusion 
domain used. The composites can also be loaded with other compds. (e.g., 
dyes, drugs, enzymes) depending on the goal for the materials, 
to further enhance function. This can be achieved during assembly of the 
material or during the mineralization step in materials formation. 
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AB A method of immobilizing ^1 mol . in a silica matrix to 

form a biosilicif ication product. The mol. may be immobilized in the 

silica matrix at substantially the same time as the silica 

matrix is formed. The method comprises combining 2:1 

silaffin polypeptide, ^1 mol., and >1 

hydroxylated water-soluble derivative to form the biosilicif ication product. 

The 

silaffin polypeptide may be Sill protein from 

Cylindrotheca fusiformis, a fragment of the Sill protein, 

poly-L- lysine, or a synthetic polypeptide having affinity for 

silica. The mol. may be an enzyme, a protein, 

a polypeptide, an antibody, an antigen, poly (nucleic) acids, 

microbial cells, plant cells, or animal cells. The hydroxylated 

water- soluble derivative may be silicic acid. 
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TITLE: Enzyme immobilization in a biomimetic 

silica support 

AUTHOR (S) : Luckarift, Heather R. ; Spain, Jim C; Naik, Rajesh R. ; 

Stone, Morley O. 

CORPORATE SOURCE: Air Force Research Laboratory, Airbase Technologies 

Division, Suite #2, Tyndall Air Force Base, FL, 
32403-5323, USA 

SOURCE: Nature Biotechnology (2004), 22(2), 211-213 

CODEN: NABIF9; ISSN: 1087-0156 
PUBLISHER: Nature Publishing Group 

DOCUMENT TYPE: Journal 

LANGUAGE: English 

AB Robust immobilization techniques that preserve the activity of biomols. 
have many potential applications. Silicates, primarily in the form of 
sol -gel composites or functionalized mesoporous silica, have 
been used to encapsulate a wide variety of biomols. but the harsh 
conditions required for chemical synthesis limit their applicability. 
Silaffin polypeptides from diatoms catalyze the 

formation of silica in vitro at neutral pH and ambient temperature and 
pressure. Here we show that butyrylcholinesterase entrapped during the 
precipitation of silica nanospheres retained all of its activity. 
Ninety percent of the soluble enzyme was immobilized, and the 
immobilized enzyme was substantially more stable than the free 
enzyme. The mech. properties of silica nanospheres 

facilitated application in a flow- through reactor. The use of biosilica 
for enzyme immobilization combines the excellent support 
properties of a silica matrix with a benign immobilization 
method that retains enzyme activity. 
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Silica morphogenesis by alternative processing of 
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The Journal of biological chemistry, (2004 Oct 8) Vol. 279, 
No. 41, pp. 42993-9. Electronic Publication: 2004-08-10. 
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200411 

Entered STN: 7 Oct 2004 
Last Updated on STN: 19 Dec 2004 
Entered Medline: 24 Nov 2004 
For almost 200 years scientists have been fascinated by the ornate cell 
walls of the diatoms. These structures are made of amorphous 
silica, exhibiting species -specific, mostly porous patterns in the 
nano- to- micrometer range. Recently, from the diatom Cylindrotheca 
fusiformis unusual phosphop rote ins (termed silaffins) and long 
chain polyamines have been identified and implicated in biosilica 
formation. However, analysis of the role of silaffins in 
morphogenesis of species-specific silica stiructures has so far 
been hampered by the difficulty of obtaining structural data from these 
extremely complex proteins. In the present study, the five 
major silaffins^ from the diatom Thalassiosira pseudonana 
(tpSillH, -IL, -2H, -2L, and -3) have been isolated, functionally 
analyzed, and structurally characterized, mak- ing use of the recently 
available genome data from this organism. Surprisingly, the 
silaffins of T, pseudonana and C. fusiformis share no sequence 
homology but are similar regarding amino acid composition and 
post-translational modifications. Silaffins tpSillH and -2H are 
higher molecular mass isoforms of tpSillL and -2L, respectively, generated 
in vivo by alternative processing of the same precursor 
polypeptides. Interestingly, only tpSillH and -2H but not tpSillL 
and -2L induce the formation of porous silica patterns in vitro, 
suggesting that the alternative processing event is an important step in 
morphogenesis of T. pseudonana biosilica. 
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nano- to micrometer range. Recently, from the diatom Cylindrotheca 

fusiformis unusual phosphoproteins ( termed silaffins) and long 

chain polyamines have been identified and implicated in biosilica 

formation. However, analysis of the role of silaffins in 

morphogenesis of species-specific silica structures has so far 

been hampered by the difficulty of obtaining structural data from these 

extremely complex proteins. In the present study, the five 

major silaffins from the diatom Thalassiosira pseudonana 

(tpSillH, - IL, - 2H, - 2L, and - 3) have been isolated, functionally 

analyzed, and structurally characterized, making use of the recently 

available genome data from this organism. Surprisingly, the 

silaffins of T. pseudonana and C. fusiformis share no sequence 

homology but are similar regarding amino acid composition and 

posttranslational modifications. Silaffins tpSillH and - 2H are 

higher molecular mass isoforms of tpSillL and - 2L, respectively, 

generated in vivo by alternative processing of the same precursor 

polypeptides. Interestingly, only tpSillH and - 2H but not 

tpSillL and - 2L induce the formation of porous silica patterns 

in vitro, suggesting that the alternative processing event is an important 

step in morphogenesis of T. pseudonana biosilica. 
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AB The claimed invention provides a fusion polypeptide comprising a 
fibrous protein domain and a mineralization domain, and the 
resulting fusion protein used to form an organic - inorg . composite. 
Thus, the R5 peptide (SSKKSGSYSGSKGSKRRIL) of silaffin-1 from 
Cylindrotheca fusiformis is genetically fused to a 15-mer of the consensus 
repeat unit (SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT with CRGD linker) of 
spidroin 1 from the golden orb spider Nephila clavipes. The purpose of 
fusing this silicif ication-inducing peptide unit to genetically engineered 
silk is to combine the properties of the silk whether in the form of films 
or other such spun fibers to the silica-precipitating properties of R5 
under ambient conditions to produce biomaterials with controlled 
silica morphologies on the surface. Silicif ication reactions 
using tetraethoxysilane on synthetic spider silk protein films 
yielded spherical silica structures with diams. ranging from 
. apprx. 0 . 5-2 . 0 ^m only when the silica precipitating domain, R5 
peptide, was fused to the C-terminus of the silk proteins. 
These organic - inorg . composites can be constructed from the nano- to the 
macro-scale depending on the size of the fibrous protein fusion 
domain used. The composites can also be loaded with other compds. (e.g., 
dyes, drugs, enzymes) depending on the goal for the materials, to further 
enhance function. This can be achieved during assembly of the material or 
during the mineralization step in materials formation. 
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AB A method of immobilizing ^1 mol . in a silica matrix to 

form a biosilicif ication product. The mol. may be immobilized in the 

silica matrix at substantially the same time as the silica 

matrix is formed. The method comprises combining >1 

silaffin polypeptide, ^1 mol., and ^1 

hydroxylated water-soluble derivative to form the biosilicif ication product. 

The 



silaffin polypeptide may be Sill protein from 
Cylindrotheca fusiformis, a fragment of the Sill protein, 
poly-L- lysine, or a synthetic polypeptide having affinity for 
silica. The mol. may be an enzyme, a protein, a 
polypeptide, an antibody, an antigen, poly (nucleic) acids, 
microbial cells, plant cells, or animal cells. The hydroxylated 
water-soluble derivative may be silicic acid. 
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Silica Morphogenesis by Alternative 
Processing of Silaffins in the Diatom 
Thalassiosira pseudonana 
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Journal 
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For almost 200 yr scientists have been fascinated by the ornate cell walls 
of the diatoms. These structures are made of amorphous silica, 
exhibiting species-specific, mostly porous patterns in the nano- to 
micrometer range. Recently, from the diatom Cylindrotheca fusiformis 
unusual phosphop rote ins (termed silaffins) and long chain 
polyamines have been identified and implicated in biosilica formation. 
However, anal, of the role of silaffins in morphogenesis of 
species- specif ic silica structures has so far been hampered by 
the difficulty of obtaining structural data from these extremely complex 
proteins. In the present study, the five major silaffins 
from the diatom Thalassiosira pseudonana (tpSillH, -IL, -2H, -2L, and -3) 
have been isolated, functionally analyzed, and structurally characterized, 
making use of the recently available genome data from this organism. 
Surprisingly, the silaffins of T.' pseudonana and C. fusiformis 
share no sequence homol . but are similar regarding amino acid composition and 
post- translational modifications. Silaffins tpSillH and -2H 
are higher mol. mass isoforms of tpSillL and -2L, resp. , generated in vivo 
by alternative processing of the same precursor polypeptides. 
Interestingly, only tpSillH and -2H but not tpSillL and -2L induce the 
formation of porous silica patterns in vitro, suggesting that 
the alternative processing event is an important step in morphogenesis of 
T, pseudonana biosilica. 
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support 
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AB Robust immobilization techniques that preserve the activity of biomols. 
have many potential applications. Silicates, primarily in the form of 
sol-gel composites or f unctionalized mesoporous silica, have 
been used to encapsulate a wide variety of biomols. but the harsh 
conditions required for chemical synthesis limit their applicability, 
Silaf fin polypeptides from diatoms catalyze the 

formation of silica in vitro at neutral pH and ambient temperature and 
pressure. Here we show that butyrylcholinesterase entrapped during the 
precipitation of silica nanospheres retained all of its activity. 
Ninety ■ percent of the soluble enzyme was immobilized, and the immobilized 
enzyme was substantially more stable than the free enzyme. The mech; 
properties of silica nanospheres facilitated application in a 
flow- through reactor. The use of biosilica for enzyme immobilization 
combines the excellent support properties of a silica matrix 
with a benign immobilization method that retains enzyme activity. 
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AB Silicif ication at neutral pH and under ambient conditions is of growing 

interest due to its close relationship with biosilicif ication. In diatoms 
biosilicif ication has been reported to occur at (or close to) neutral pH 
and it has been shown that protein mols. act as 

catalysts/templates/scaffolds for this elegant materials chemical In this 
investigation various catalysts/templates have been studied for their role 
in silicif ication in vitro. We have used f unctionalized C60 fullerene, R5 
(an important polypeptide from the amino acid sequence of a 

silaffin protein) , poly-l-lysine (PLL) and two 

poly (allylamine hydrochloride) (PAH) samples having different mol . wts . 
An aqueous silica precursor was used and ordered silica 

structures were produced in each of the systems studied. The sizes of the 
silica structures appear to correlate with the size, in solution, of 
the templating/scaf folding agents. Biol, systems exhibit hierarchical 
structures with remarkable control of morphologies over different length 
scales. The use of templating/scaf folding agents having different sizes 
and shapes is one possible paradigm for the production of such structures 
vivo . 
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AB Marine diatoms and sponges are capable of forming beautiful silica 
nanostructures in vivo. Silaffin proteins have 

recently been isolated from the marine diatom Cylindrotheca fusiformis and 
have been shown to generate silica spheres when added to solns. 
of silicic acid in vitro. We report here a variety of silica 
structures and inorg. -organic hybrid materials that have been prepared using 
synthetic peptide sequences derived from the Sill gene of Cylindrotheca 
fusiformis. We are also exploring synthetic polymers that can mimic the 
catalytic/templating function of these biol . derived systems. 
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Marine diatoms and sponges are capable of forming beautiful silica 
nanostructures in vivo. Silaffin proteins have 

recently been isolated from the marine diatom Cylindrotheca fusiformis and 

have been shown to generate silica spheres when added to solns. 

of silicic acid in vitro. We report here a variety of silica 

structures and inorg. -organic hybrid materials that have been prepared using 

synthetic peptide sequences derived from the Sill gene of Cylindrotheca 

fusiformis. We are also exploring synthetic polymers that can mimic the 

catalytic / templating function of these biol. derived systems. 
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Numerous examples of nanopatterning and nanostructure are commonly found 
in nature, most apparent in the marine diatoms and sponges. In vivo 
biosilif ication allows these organisms to control structural morphol . at 
the nanometer level. Understanding how nature' performs this exquisite 
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control and duplicating this process has numerous applications in 

materials science. Silaffins, a set of cationic 

polypeptides isolated from the diatom Cylindrotheca fusiformis, 

can generate a network of silica nanospheres when added to a 

solution of silicic acid in vitro. Using a short synthetic peptide derived 

from the Silaffin 1 (Sill) protein of C. fusiformis, 

we produced a variety of silica nanostructures . The produced 

structures range in morphol . from common spheres to highly organized and 

complex fibrillar geometries that display remarkable organization at the 

nanometer size-scale. We are currently investigating the mol . orientation 

present in these morphologies and developing new methods to control the 

deposition of silica for nanoapp li cat ions , 
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AB For almost 200 years scientists have been fascinated by the ornate cell 
walls of the diatoms. These structures are made of amorphous 
silica, exhibiting species-spe- cific, mostly porous patterns in 
the nano- to micrometer range. Recently, from the diatom Cylindrotheca 
fusifor- mis unusual phosphoproteins (termed silaffins) and long 
chain polyamines have been identified and impli- cated in biosilica 
formation. However, analysis of the role of silaffins in 
morphogenesis of species-specific sil- ica structures has so far been 
hampered by the difficulty of obtaining structural data from these 
extremely com- plex proteins. In the present study, the five 
major silaf- fins from the diatom Thalassiosira pseudonana (tpSillH, -IL, 
-2H, -2L, and -3) have been isolated, func- tionally analyzed, and 
structurally characterized, mak- ing use of the recently available genome 
data from this organism. Surprisingly, the silaffins of T. 
pseudonana and C. fusiformis share no sequence homology but are similar 
regarding amino acid composition and post- translational modifications. 
Silaffins tpSillH and -2H are higher molecular mass isoforms of 
tpSillL and -2L, respectively, generated in vivo by alternative processing 
of the same precursor polypeptides. Interestingly, only tpSillH 
• and -2H but not tpSillL and -2L induce the for- mation of porous 
silica patterns in vitro, suggesting that the alternative 
processing event is an important step in morphogenesis of T. pseudonana 
biosilica . 
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AB Diatoms are unicellular photosynthetic eukaryotes that play a major role 
in the global cycling of carbon and silicon. They are believed to have 
arisen from a secondary endosymbiotic event between two eukaryotes, a red 
alga and a flagellated heterotroph. Recent analysis of a diatom genome 
indeed reveals a 'mosaic' nature, with genes derived from plant, animal 
and bacterial lineages. Advances in molecular genomics are facilitating 
the use of diatom- specific genes or pathways for biotechnology. Another 
interest is in understanding the artistry of the amorphous silica 
shell and the underlying biomineralization process. Materials scientists 
and chemists are now exploiting diatoms to develop new biomimetic 
approaches and to create silicon-based microdevices with specific 
features. .COPYRGT. 2005 Elsevier Ltd. All rights reserved. 
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AB For almost 200 years scientists have been fascinated by the ornate cell 
walls of the diatoms. These structures are made of amorphous 
silica, exhibiting species-specific, mostly porous patterns in the 
nano- to micrometer range. Recently, from the diatom Cylindrotheca 
fusiformis unusual phosphoproteins (termed silaffins) and long 
chain polyamines have been identified and implicated in biosilica 
formation. However, analysis of the role of silaffins in 
morphogenesis of species-specific silica structures has so far 
been hampered by the difficulty of obtaining structural data from these 
extremely complex proteins. In the present study, the five 
major silaffins from the diatom Thalassiosira pseudonana 
(tpSillH, -IL, -2H, -2L, and -3) have been isolated, functionally 
analyzed, and structurally characterized, making use of the recently 
available genome data from this organism. Surprisingly, the 
silaffins of T. pseudonana and C. fusiformis share no sequence 
homology but are similar regarding amino acid composition and 
posttranslational modifications. Silaffins tpSillH and -2H are 
higher molecular mass isoforms of tpSillL and -2L, respectively, generated 
in vivo by alternative processing of the same precursor 
polypeptides. Interestingly, only tpSillH and -2H but not tpSillL 
and -2L induce the formation of porous silica patterns in vitro, 
suggesting that the alternative processing event is an important step in 
morphogenesis of T. pseudonana biosilica. 
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